Introduction {#Sec1}
============

The threat posed by ambient particulate matter (PM) to the health is one of the greatest, and yet growing, air pollution concerns of great cities worldwide (Molina and Molina [@CR34]; Kong et al. [@CR30]). High concentrations of PM increase the risk of serious diseases in humans (Pope and Dockery [@CR44]; Kappos [@CR24]). The risk arises from the combined effects of the chemical composition and the size of PM particles. The finer a particle is, the greater variety and amount of toxic metals, polycyclic aromatic hydrocarbons, etc. it comprises and the deeper it penetrates into the respiratory tract (Englert [@CR15]; Ostro et al. [@CR36]; Cho et al. [@CR6]). The fine particles (aerodynamic diameters up to 2.5 μm, PM~2.5~) can reach the deepest regions of lungs and get into blood; their adverse effects are much more serious than those of the coarse particles (diameter between 2.5 and 10 μm, Zhang et al. [@CR70]; Baxter et al. [@CR1]).

A great number of studies report the PM~2.5~ mass concentration and chemical composition as functions of the particle size at a variety of types of European stations (Table [1](#Tab1){ref-type="table"}).Table 1Mass concentrations of fine PM (in microgram per cubic) and its grouped element content (in percent) at selected urban, suburban, and rural sites in Europe (EC + OM---sum of EC-elemental carbon and OM-organic matter, SIA---secondary inorganic aerosol, CM/MM---crustal/mineral matter, SS/Na_Cl---sea salt/Na_Cl, TE/OE---trace/other elements)City (country), site type, averaging period; PM fraction (data source)PM (μg/m^3^)EC + OM (%)SIA (%)CM/MM (%)SS/Na_Cl (%)TE/OE (%)London (UK), background, year; PM~2.5~ (Harrison et al. [@CR19])14.3539.535.912.1^a^2.1--Streithofen (Austria), rural background, year; PM~2.5~ (Puxbaum et al. [@CR46])18.13646--1\<1Montseny (Spain), rural background, year; PM~2.5~ (Rodriguez et al. [@CR48])13.62738101\<1Thüringer Wald (Germany), rural background, October; PM~0.42--1.2~ (Gnauk et al. [@CR18])9.62446------Basel (Switzerland), suburban, year; PM~2.5~ (Hüeglin et al. [@CR21])18.932.249.26.6--3.6Chaumont (Switzerland), rural, year; PM~2.5~ (Hüeglin et al. [@CR21])7.72648.28.8--3.6Chaumont (Switzerland), rural background, year; PM~2.5~ (Hueglin et al. 2005)7.7264891\<1Duisburg (Germany), urban background, autumn; PM~2.5~ (Sillanpää et al. [@CR57])14.74039.55.67.91.2Prague (Czech Republic), urban background, winter; PM~2.5~ (Sillanpää et al. [@CR57])29.659.734.62.51.10.47Amsterdam (Holland), urban background, winter; PM~2.5~ (Sillanpää et al. [@CR57])25.428.4392.6100.32Helsinki (Finland), urban background, spring; PM~2.5~ (Sillanpää et al. [@CR57])8.354.439.36.45.80.35Barcelona (Spain), urban background, spring; PM~2.5~ (Sillanpää et al. [@CR57])20.028.638.74.46.00.57Athens (Italy), urban background, summer; PM~2.5~ (Sillanpää et al. [@CR57])25.341.641.45.11.30.34Mt Cimone (Italy), summer; PM~1~(Marenco et al. [@CR33])7.146521\<1\<1Bemantes (Spain), rural background, year; PM~2.5~ (Salvador et al. [@CR54])13.53033117\<1Barcelona (Spain), urban background, year; PM~1~ (Pérez et al. [@CR41])19453151--Barcelona (Spain), urban background, year; PM~2.5~ (Pérez et al. [@CR41])293430162--Hyytiälä (Finland), regional background, May; PM~1~ (Saarikoski [@CR52])4.45241^b^------Finokalia (Finlandia), coastal, year; PM~1~ (Saarikoski [@CR52])123052^b^----4Helsinki (Finland), urban, year; PM~1~ (Saarikoski [@CR52])214823^b^------Birmingham (UK), urban background, spring/winter; PM~1~ (Yin and Harrison [@CR69])12.6^c^31/4955/41^d^5/8^a^1/2-Villar Arzobispo (Spain), rural background, year; PM~2.5~ (Viana et al. 2008a)18.01628292\<1Milan (Italy), urban, winter/summer; PM~1~ (Vecchi et al. [@CR64])48.8/19.4*39*/*3541*/*39* ^e^*1*/*1*--\<*1*/\<*1*Florence (Italy), urban, winter/summer; PM~1~ (Vecchi et al. [@CR64])25.3/11.8*57*/*2723*/*45* ^e^\<*1*/*2*--\<*1*/\<*1*Genoa (Italy), urban, winter/summer; PM~1~ (Vecchi et al. [@CR64])11.5/17.4*50*/*3320*/*38* ^e^*2*/*2*--\<*1*/\<*1*Montseny (Spain), rural background, year; PM~2.5~ (Pey et al. [@CR42])13.6283692--Bologna (Italy), rural, summer/winter^f^; PM~1~ (Carbone et al. [@CR3])--48/43^g^48/562/0^a^2/0--Rome (Italy), suburban; summer/winter^f^; PM~1~ (Carbone et al. [@CR3])--62/67^g^27/286/3^a^5/2--Melpitz (Germany), rural background, WEST, summer/winter; PM~1~ ^h^ (Spindler et al. [@CR59])10/1120/18\<35/55------Melpitz (Germany), rural background, EAST, summer/winter; PM~1~ ^i^ (Spindler et al. [@CR59])17/2227/25\<32/41------Zabrze (Poland), urban background, summer/winter; PM~2.5~ (Rogula-Kozłowska et al. [@CR49])18.4/66.854.3/49.623.2/15.910.6/0.11.5/5.84.0/8.8Values in italics are data extracted from a chart^a^PM rich in Fe + Ca salts^b^Contribution of water-soluble ions^c^Average concentration over the whole measuring period^d^(NH~4~)~2~SO~4~ + (NH~4~NO~3~/NaNO~3~)^e^(NH~4~)~2~SO~4~ + NH~4~NO~3~^f^Samples taken during daytime^g^WSOM (water-soluble organic matter) + WINCM (water-insoluble carbonaceous matter)^h^Air inflow from western sector^i^Air inflow from eastern sector

A good method for the rough PM source apportionment is to compare the sum of the analytically determined masses of the groups of the main PM chemical components with the gravimetrically determined PM mass (chemical mass closure). In urban areas, almost the whole mass of PM~2.5~ is the mass of carbon compounds (hundreds of organic compounds), elemental carbon, sulfates, nitrates, ammonia, and geological material (aluminum oxides, silicon, calcium, titanium, iron). Also trace elements, and, in some regions, sodium, and chlorine may be found in PM (Finlayson-Pitts and Pitts [@CR17]; Chow [@CR7]). So, the chemical mass closure is most often checked for the PM components grouped into elemental carbon (EC) and organic matter (OM) or the sum of both (EC + OM), secondary inorganic aerosol (SIA, ambient sulfates, nitrates and ammonium, often corrected for sea salt sulfate content), crustal or mineral matter (CM or MM, main components of Earth crust or both Earth crust and soil), sea salt or marine components (SS or Na_Cl, sea salt components or chlorine and sodium), and trace elements or other elements (TE or OE, trace elements or remaining, not belonging to the other groups, elements or their oxides, Table [1](#Tab1){ref-type="table"}).

In East-Central Europe, the number of sites where PM, especially the finest particles, is adequately studied falls far short of what is needed (e.g., EMEP [@CR13], [@CR14]; Putaud et al. [@CR45]). In Poland, where the PM~2.5~ content of urban PM is high (Klejnowski et al. [@CR28]), the chemical composition of PM~2.5~ has been so far an object of only few and, in general, short-term studies, confined rather to determinations of the PM elemental composition and concentrations of PM~2.5~ (e.g., Pastuszka et al. [@CR38], [@CR39]; Zwoździak et al. [@CR71]; Rogula-Kozłowska et al. [@CR50]). However, the shortage of data and the level of air pollution in East-Central Europe, especially in Poland, the Czech Republic, and Ukraine, from where PM migrates to other European regions (Spindler et al. [@CR59]; EMEP [@CR13], [@CR14]) confirm the need for analyzing PM~2.5~ for more than only its concentrations and elemental composition.

The goal of the presented work was to determine the seasonal variations in the concentrations of PM~2.5~ and PM~2.5~ components, including benzo(*a*)pyrene (BaP), As, Ni, Cd, and Pb, during 1 year in three locations in Poland. The annual concentrations of PM~2.5~ were also determined and its annual mass closure analyzed.

Materials and methods {#Sec2}
=====================

PM~2.5~ sampling and averaging of results {#Sec3}
-----------------------------------------

PM~2.5~ was investigated at three sites, very distant from each other: Gdańsk and Diabla Góra in northern Poland, and Katowice in southern Poland (Table [2](#Tab2){ref-type="table"}).Table 2Sites, equipment, and sampling periods for PM~2.5~ samplingMeasuring sitesGeographic coordinatesLocation typeType and manufacturer of measuring deviceAltitude of sampling head (above ground level)Duration of campaign;averaging time/number of samplesKatowice50° 15′ 56″ N\
18° 58′ 40″ E\
274 m a.s.l.Urban background to agglomerations and/or cities with more than 100000 inhabitants (EC [@CR11])PNS-15 (low volume sampler)\
produced by ATMOSERVICE(Poznań, Poland)2.5 m1 January 2010--31 December 2010;\
24 h/358Gdańsk54° 22′ 49″ N\
18° 37′ 13″ E\
40 m a.s.l.DHA-80 (high volume sampler)\
produced by DIGITEL, (Hegnau, Switzerland)2.0 m1 January 2010--31 December 2010;\
24 h/356Diabla Góra54° 07′ 32″ N\
22° 02′ 17″ E\
157 m a.s.l.Rural background (EC [@CR11])1 January 2010--31 December 2010;\
24 h/365

The station in Katowice is located in a big urban agglomeration in Silesia Province, in the region of the greatest industrial and municipal emissions of PM in Poland (coal-based energy production, densely populated agglomeration; CSO [@CR5], [@CR8]). It is situated within a big urban settlement consisting of low to medium high-rise buildings, about 3.2 km west of the city center. There are also some shops and warehouses south and west of the station and a market place to the west. A highway runs about 500 m south of the station. The station is classified as an urban background station.

The station in Gdańsk is also located in a big urban agglomeration in Pomerania Province, the area of the lowest PM emissions in Poland (CSO [@CR5], [@CR8]). It is affected by road traffic, the Baltic Sea, and industrial and municipal emissions; the effect of the industrial and municipal emissions is much smaller than in Katowice. The station is about 4 km west of the city center. The area is not densely built up within the range of 150 m from the station; the borderline of two settlements consisting of low and medium high-rise buildings is from 350 m east to 500 m north of the station. There are many facilities (university, high schools, hotels, hospitals) nearby and the network of local streets is very dense. About 1 km west of the station, there is a forest area; some industrial areas and sporting facilities are from about 1 to 2 km east. It is an urban background station, like the one in Katowice.

The Diabla Góra sampling site is located in the Borecka Forest, a region of agriculture and forestry, beyond strong anthropogenic effects. There are no air pollution sources in the station neighborhood (no roads, living houses, industry); the nearest object is the forester's lodge in Diabla Góra, 350 m southwest of the station. It is a rural background station meeting the EMEP background station criteria (Co-operative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in Europe); the air pollution at this site is typical of the whole region (regional background).

During 2010, daily samples of PM~2.5~ were being taken at all the three sites in parallel. PM~2.5~ was collected onto 47- (PNS-15) and 150- (DHA-80) mm-diameter quartz fiber filters (Whatman's Grade QM-A Circles, cat. no. 1851--047 and cat. no. 1851--150, respectively). Before and after exposing, the filters were conditioned in a weighing room (48 h, relative air humidity 45 ± 5 %, air temperature 20 ± 2 °C) and weighed twice, with a 24-h period between---the former on a Mettler Toledo balance (resolution, 2 μg), the latter on a Sartorius balance (resolution, 100 μg).

Four equal parts were cut out from each, containing a daily PM~2.5~ sample, filter. A monthly PM~2.5~ sample was made by combining together these parts, one from each day in the month of the year. There were four monthly samples for each month, each analyzed for only one compound group: organic (OC) and elemental carbon (EC), water soluble ions (Na^+^, NH~4~^+^, K^+^, Mg^2+^, Ca^2+^, Cl^−^, NO~3~^−^, SO~4~^2−^), metals (As, Ni, Cd, Pb, Ti, Al, Fe), and BaP.

The monthly PM~2.5~ concentrations were computed by dividing the mass of all the daily PM~2.5~ samples from the month by the volume of the air they were taken from.

The PM~2.5~-related substances were determined in the monthly samples. The concentrations for the periods were computed as the averages of the monthly concentrations.

Usually, the ambient concentrations of PM and its components are averaged over a heating or a non-heating period, the year division due to the difference in the air temperatures. In Poland (southern and central-eastern especially), the increased energy demands in a heating period (October--March) yield the increase in the PM emissions from combustion of fossil fuels and biomass. Moreover, the lowest (monthly) air temperatures and the highest concentrations of PM and its precursors occur at the turn of the year (December--January), when the meteorological conditions favor episodes of elevated air pollution or even smog episodes (Pastuszka et al. [@CR39]; Juda-Rezler et al. [@CR23]). Therefore, in 2010, at each location, the concentrations and chemical composition of PM~2.5~ were examined in the heating and non-heating periods (heating: January, February, March, October, November, December; non-heating: April, May, June, July, August, September) and in each season of the year (winter: January, February, December; spring: March, April, May; summer: June, July, August; autumn: September, October, November). The annual concentrations of PM~2.5~ and its chemical components (averages of 12 monthly concentrations) were also computed.

Chemical analysis {#Sec4}
-----------------

The OC and EC contents were determined using a commercial Behr C50 IRF carbon analyzer (Labor-Technik GmbH, Dusseldorf, Germany). A thermal method (modification of VDI 2465/2) was applied. Heated in nitrogen, a sample exhales OC, oxidized later with copper oxide(II) to carbon dioxide; EC was determined by burning the sample in oxygen. The organic compounds were decomposed successively at the temperatures 200 °C (2 min), 300 °C (2 min 30 s), 450 °C (3 min), and 650 °C (3 min), while elemental carbon was determined at the temperatures 500 °C (2 min), 550 °C (1 min 20 s), 700 °C (2 min), and 850 °C (1 min 20 s).

The CO~2~ content in the gas stream was determined by means of non-dispersive infrared spectrometry (*λ* = 4.26 μm). The gas mixture with certified CO~2~ content was used to calibrate the apparatus. The detection limit for the method was 60.03 μg of CO~2~.

Unlike thermo-optical methods (NIOSH, IMPROVE, or EUSAAR protocols), the used thermal one did not allow for determination of the pyrolytic carbon content (from charring) of total carbon and might yield overestimated EC and underestimated OC contents in PM (Schmid et al. [@CR55]; ten Brink et al. [@CR60]). Indeed, the thermal analysis of the certified reference material (RM 8785 NIST and RM 8786 NIST) gave the standard recoveries equal to 123 % for EC and 71 % for OC of the certified values from the EUSAAR_2 protocol commonly used in Europe.

However, the two methods give close results for TC (total carbon, TC = EC + OC). Besides the reference material, 20 randomly selected PM~2.5~ samples were analyzed for TC with the use of both methods (thermal Behr C50 analyzer; thermo-optical Sunset Laboratory carbon analyzer, Sunset Inc. CA, USA). The differences between the results did not exceed 15 %.

To improve the efficiency of solvent penetration into a sample by reducing the solvent surface tension, the surface of the filters was moistened with 0.1 cm^3^ of ethanol (96 %, pure) before the extraction. The water extracts of PM~2.5~ were made by ultrasonizing the substrates containing samples (a monthly sample) in 50 cm^3^ of deionized water for 60 min at the temperature 15 °C, then shaking for about 12 h (18 °C, 60 r/min). The ion content of extracts was determined using a Metrohm ion chromatograph (Metrohm AG, Herisau, Switzerland). The method was validated against the CRM Fluka products nos. 89316 and 89886; the standard recovery was 92--109 % of the certified value and the detection limits were 0.02 mg/l for NH~4~^+^; 0.05 mg/l for Cl^−^, SO~4~^2−^, and K^+^; 0.07 mg/l for NO~3~^−^ and Na^+^; and 0.12 mg/l for Ca^2+^ and Mg^2+^.

To analyze for metals, a monthly sample was put into a Teflon container and mineralized gradually by successively adding concentrated acids: 12 mL of HNO~3~, 5 mL of HF and 2 mL of HClO~4~, 2 mL of HClO~4~, about 5 mL of H~2~O, and 2 mL of HCl. Cd, As, and Ni were determined in mineralized PM~2.5~ using electrothermal atomic absorption spectrometry according to PN-EN 14902 2006. An Analyst 600 (PerkinElmer, Waltham, MA, USA) with a graphite oven was used. The ammonium (NH~4~H~2~PO~4~) and magnesium (Mg(NO~3~)~2~) matrix modifiers for Cd and Pb, and the mixed palladium--magnesium(Pd(NO~3~)~2~-Mg(NO~3~)~2~) modifier for As and Ni were used. Pb was determined using flame atomic absorption spectroscopy. The remaining metals, Fe, Al, and Ti, were determined with the use of inductively coupled plasma--atomic emission spectroscopy (ICP-AES) on a Varian ICP Liberty 220 spectrometer (Agilent Technologies, Palo Alto, USA). The limits of detection for the method, found by analyzing blanks (clean filter substrates) according to PN-EN 14902, were 1.5 ng/m^3^ for Pb, 0.2 ng/m^3^ for Cd, 0.4 ng/m^3^ for Ni, 0.1 ng/m^3^ for As, 3.15 ng/m^3^ for Ti, 82.6 ng/m^3^ for Al, and 3.24 ng/m^3^ for Fe (average flow rate 55 m^3^/24 h). The recoveries of the NIST SRM 1648a were from 91 % (Ni, Al, Fe) to 101 % (As).

BaP was extracted from the PM~2.5~ samples in dichloromethane (CH~2~Cl~2~) with addition of diatomaceous earth on a Dionex ASE350 extractor (Thermo Fisher Scientific, Sunnyvale, CA, USA). The interfering compounds were removed from the extract using solid phase extraction (Florisil packed columns, temperature and pressure were 100 °C and 10 MPa; total time of heating, extraction, and washing was 0.5 h). The extract was analyzed using high-performance liquid chromatography (HPLC) on an Agilent 1200 chromatograph (Agilent Technologies, Palo Alto, USA) equipped with a diode array and fluorescence detectors, an auto-sampler, and the Chemistation computer system for Windows.

The HPLC set was calibrated using standard solutions prepared by diluting a standard mixture of 16 PAH (including BaP) with dichloromethane (CH~2~Cl~2~) or acetonitrile (C~2~H~3~N). Ultra Scientific PAH Mix PM-611 (100 μg/ml of each PAH in dichloromethane) and PAH Mix 47940 (10 μg/ml of each PAH in acetonitrile) were used. The calibration curve was linear (correlation coefficient was 0.999). The BaP concentration in the extract was determined using an external standard by comparing the peak surfaces (BaP excitation and emission wavelengths were 290 and 450 nm). The BaP detection limit, determined statistically by measuring blanks (clean filter substrates) according to PN-EN 15549, was 0.02 ng/m^3^ (average flow rate 55 m^3^/24 h). The NIST SRM 1649b standard was analyzed to verify the performance of the method. The recovery of the standard was 92 %.

Chemical mass closure {#Sec5}
---------------------

For the mass reconstruction (chemical mass closure), the PM~2.5~ components were categorized into OM, EC, SIA, CM, Na_Cl, toxic metals (TM), and the rest---unidentified matter (UM).

The masses \[EC\] and \[OC\] of EC and OC were computed as \[EC\] = \[EC\]~A~/1.23 and \[OC\] = \[OC\]~A~/0.71 (according to the recoveries from the standard), where \[EC\]~A~ and \[OC\]~A~ are the analytically determined masses of EC and OC. The mass \[OM\] of OM was assumed to be 1.4 \[OC\] (Turpin and Lim [@CR62]).

SIA included PM~2.5~-bound SO~4~^2−^, NO~3~^−^, and NH~4~^+^, so \[SIA\] = \[SO~4~^2−^\]~A~ + \[NO~3~^−^\]~A~ + \[NH~4~^+^\]~A~.

The Na_Cl group included Na^+^ and Cl^−^, therefore \[Na_Cl\] = \[Na^+^\]~A~ + \[Cl^−^\]~A~.

CM included CO~3~^2−^, SiO~2~, Al~2~O~3~, Mg^2+^, Ca^2+^, K~2~O, FeO, Fe~2~O~3~, and TiO~2~; \[CM\] = \[CO~3~^2−^\] + \[SiO~2~\] + \[Al~2~O~3~\] + \[Mg^2+^\]~A~ + \[Ca^2+^\]~A~ + \[K~2~O\] + \[FeO\] + \[Fe~2~O~3~\] + \[TiO~2~\], where \[FeO\] and \[Fe~2~O~3~\] were calculated stoichiometrically from \[Fe\]~A~ assuming a uniform Fe mass distribution between FeO and Fe~2~O~3~, \[SiO~2~\] = 2\[Al~2~O~3~\], and \[CO~3~^2−^\] = 1.5\[Ca^2+^\]~A~ + 2.5\[Mg^2+^\]~A~ (Marcazzan et al. [@CR32]); \[Al~2~O~3~\], \[K~2~O\], and \[TiO~2~\] were calculated stoichiometrically from the analytically determined \[Al\]~A~, \[K^+^\]~A~, and \[Ti\]~A~; \[Ca^2+^\]~A~ and \[Mg^2+^\]~A~ were determined analytically.

TM included As~2~O~3~, NiO, CdO, PbO, PbO~2~, and \[TM\] = \[As~2~O~3~\] + \[NiO\] + \[CdO\] + \[PbO\] + \[PbO~2~\], where \[PbO\] and \[PbO~2~\] were calculated stoichiometrically assuming uniform Pb mass distribution between PbO and PbO~2~; \[As~2~O~3~\], \[NiO\], and \[CdO\] were calculated stoichiometrically based on the analytically determined \[As\]~A~, \[Ni\]~A~, and \[Cd\]~A~.

UM was PM~2.5~-OM-EC-SIA-Na_Cl-CM-TM, and \[UM\] = \[PM~2.5~\]-\[OM\]-\[EC\]-\[SIA\]-\[Na_Cl\]-\[CM\]-\[TM\], where \[PM~2.5~\] is determined gravimetrically.

The mass closure for PM~2.5~ was examined at each location separately for each season of the year, for the heating and the non-heating periods, and for the whole year 2010.

Results and discussion {#Sec6}
======================

Concentrations of PM~2.5~ {#Sec7}
-------------------------

In Diabla Góra, the annual concentration of PM~2.5~ was 15 μg/m^3^ (Fig. [1](#Fig1){ref-type="fig"}). It was relatively high---the WHO recommends keeping it under 10 μg/m^3^ (WHO [@CR66]), while the EU standard is 25 μg/m^3^ (EC [@CR11]). It was also high compared to the annual concentrations at other EMEP stations (EMEP [@CR13], [@CR14]). The heating period average PM~2.5~ concentration was higher than the non-heating period one (Table [2](#Tab2){ref-type="table"}). In the non-heating period, the monthly PM~2.5~ concentrations were lower than 16 μg/m^3^ and varied only slightly (in the summer they were almost uniform, Fig. [1](#Fig1){ref-type="fig"}). In the winter, they exceeded 24 μg/m^3^; the winter average PM~2.5~ concentration was the highest seasonal PM~2.5~ concentration. The average spring concentration was also high; the autumn and summer ones, not exceeding 11 μg/m^3^, were close to the non-heating period average.Fig. 1Monthly and annual PM~2.5~ concentrations in three locations in Poland in 2010

In Gdańsk, the annual PM~2.5~ concentration (24 μg/m^3^) was higher than at the majority of other urban background sites in Europe (EEA [@CR12], Table [1](#Tab1){ref-type="table"}). As in Diabla Góra, its magnitude was mainly due to the winter, when the monthly concentrations reached their maximum, and in January, February, and December, they exceeded 40 μg/m^3^ (Fig. [1](#Fig1){ref-type="fig"}). The summer concentrations were significantly lower; in general, the monthly concentrations were lower in the non-heating than in the heating period. The winter average PM~2.5~ concentration was almost two times the non-heating period average and three times the summer one (Table [3](#Tab3){ref-type="table"}).Table 3Average concentrations (in microgram per cubic meter) of PM~2.5~ and of PM~2.5~ components in the seasons of a year and in the heating and non-heating periods of 2010 in Katowice, Gdańsk, and Diabla GóraPM~2.5~EC^a^OC^a^SO~4~ ^2−^NO~3~ ^−^Cl^−^NH~4~ ^+^Na^+^K^+^Ca^2+^Mg^2+^As, Ni, Cd, Pb, Ti, Al, FeKatowice Spring^b^33.029.834.032.812.441.232.822.780.210.680.130.33 Summer^b^17.293.372.814.410.740.790.720.480.120.240.090.36 Autumn^b^38.262.493.334.212.461.541.960.440.290.300.060.44 Winter^b^82.9720.3812.296.894.743.324.221.060.330.210.080.76 Non-heating^c^22.734.473.323.781.130.811.591.460.200.450.120.37 Heating^c^63.0413.577.915.384.062.633.270.920.270.270.060.58Gdańsk Spring21.052.60.211.382.100.561.131.210.090.200.060.38 Summer13.090.871.312.010.510.210.440.480.040.200.040.30 Autumn18.291.742.181.871.890.470.831.780.140.210.060.16 Winter42.756.16.684.305.641.223.180.850.340.140.090.20 Non-heating14.571.230.971.700.790.210.650.650.070.160.050.29 Heating33.024.434.223.084.281.022.131.510.230.210.080.23Diabla Góra Spring15.022.070.571.531.880.141.131.550.120.170.050.11 Summer8.740.440.952.120.300.190.360.750.060.170.040.16 Autumn11.240.931.392.011.460.200.671.050.100.130.040.10 Winter25.935.193.634.854.770.222.311.810.190.100.030.08 Non-heating10.580.990.861.850.650.170.631.190.100.160.040.14 Heating19.883.322.413.403.560.211.601.400.140.130.040.09^a^Carbon concentrations (OC and EC) measured thermally (Behr carbon analyzer) may be compared with those measured using thermal-optical method only as total carbon (TC = OC + EC)^b^Spring: March, April, May; summer: June, July, August; autumn: September, October, November, winter: January, February, December^c^Non-heating: April, May, June, July, August, September; heating: January, February, March, October, November, December

In Katowice, the annual PM~2.5~ concentration was 43 μg/m^3^ (1.7 times the EU standard), almost two times the one in Gdańsk and three times the one in Diabla Góra. It did not differ much from the concentrations at this site in the previous years (Klejnowski et al. [@CR26]). In the heating period, all the monthly concentrations were greater than 40 μg/m^3^, the December one was maximum.

At each measuring point, the average winter PM~2.5~ concentration was 130 % of the average heating period PM~2.5~ concentration. Except for Katowice, the average summer PM~2.5~ concentrations were close to the average non-heating period ones. In Diabla Góra and Gdańsk, the average concentrations in the non-heating period were two times lower than in the heating period; in Katowice, it was three times. In Diabla Góra and Gdańsk, the summer averages were three times and in Katowice five times lower than the winter averages. These differences reflect the differences between the short and the long periods in the conditions affecting the PM~2.5~ concentrations. In the context of the PM~2.5~ air pollution, they justify considering both the long (heating and non-heating) and the short (spring, summer, autumn, winter) periods of a year, especially when the averaged results are used to assess the health hazard from PM~2.5~.

The great differences in the PM~2.5~ concentrations between winter and summer, or between heating and non-heating periods, at all three sites are an effect of several factors. In Poland, the energy production is based on combustion of hard and brown coal. The flue gases from power plants, which contain precursors of PM~2.5~ (SO~*x*~, NO~*x*~, organic compounds), affect the PM~2.5~ concentrations during a whole year country-wide (more in a heating period), but the main factors affecting the PM~2.5~ concentrations in great cities (Katowice, Gdańsk) are the municipal sources and the atmospheric conditions, unfavorable for pollutant dispersion (Pastuszka et al. [@CR39]; Juda-Rezler et al. [@CR23]). In Diabla Góra, where no local sources of PM~2.5~ exist, the seasonal variations of the PM~2.5~ concentrations are due to the quality of incoming air. The fine particles might have come to Diabla Góra from everywhere, even from very distant regions.

Poland borders on the countries where PM~2.5~ concentrations are also high, and where the emissions from combustion of fossil fuels occur is also a problem. The air from these countries can bring the pollutants to the investigated regions. For the purposes of the present work, to trace the air pollutant transport, 48 h backward trajectories, started at the measuring sites and showing the movements of atmospheric air, were computed.

The 48 h back-trajectories were computed for several days in January--February 2010 using the HYSPLIT_4 model (Draxler and Rolph [@CR9]; Rolph [@CR51]). They started at the sampling points, 50, 200, and 500 m above the ground level, at 12:00 UTC. Figure [2](#Fig2){ref-type="fig"} presents the back-trajectories computed for 7 and 26 January. They were selected because the daily PM~2.5~ concentrations on these days were, respectively, 199 and 152 μg/m^3^ in Katowice, 62 and 93 μg/m^3^ in Gdańsk, and 40 μg/m^3^ on both days in Diabla Góra.Fig. 2Forty-eight-hour back-trajectories calculated using the HYSPLIT4 model for Katowice, Gdańsk, and Diabla Góra at an altitude of 50 (*red*, *triangles*), 200 (*blue*, *squares*), and 500 (*green*, *circles*) m a.g.l., ending at 12 UTC on 7 and 26 January 2010

The low pressure system, centered south of Vilnius, influenced the weather in Poland on 7 January 2010. It was the period of the inflow of cold air from the east into northern Poland and warmer, slightly moister, air from the southwest into southern Poland. Except for the last 6 h, when air came from Gdańsk Bay, the air over Gdańsk and Diabla Góra came from the southeast (middle Ukraine). Light near-surface winds, weak temperature inversion, and mixing layer heights from 250 to 700 m were observed. At the same time, air masses from above the Hungarian Plain moved into the Czech territory, and then north-eastwardly over Katowice. Weak near-surface wind and mixing layer heights, similar to the northern Poland ones, were noted. The effect of remote sources from the neighboring countries on the PM~2.5~ concentrations on 7 January 2010 at the three sites cannot be excluded.

The back-trajectory for 26 January indicated air inflow from northern or north-eastern Europe. To Gdańsk, the air masses came from over the Baltic Sea; to Diabla Góra, they travelled through the coastal regions of Kaliningrad Oblast and of the Baltic Countries (Estonia, Latvia, Lithuania). Aerological soundings confirmed strong temperature inversion on 26 January. The mixing layer height varied between 100 and 400 m in Katowice and did not exceed 400 m in Gdańsk and Diabla Góra. The most stable atmospheric class was noted at all the three locations (Pasquill [@CR37]). Despite the air inflow from other regions, and possible effect of remote sources, the shallow mixing layers, inversion, and isothermy suggest rather attributing all the ambient particulate matter to local and/or regional sources on 26 January 2010 at all three sites.

Chemical composition of PM~2.5~ {#Sec8}
-------------------------------

The mass shares of the identified components in PM~2.5~ were from 58.8 % (autumn) to 103.9 % (winter) in Katowice, from 55.4 % (spring) to 81.9 % (winter) in Gdańsk, and from 70.6 % (spring) to 102.7 % (winter) in Diabla Góra (Fig. [3](#Fig3){ref-type="fig"}). The unidentified matter contributed more to the PM~2.5~ mass in the non-heating than in the heating period in Gdańsk and Diabla Góra, in Katowice---conversely.Fig. 3The seasonal percentages (contributions) of the main groups of the chemical components in PM~2.5~ (*EC*, elemental carbon; *OM*, organic matter; *SIA*, secondary inorganic aerosol; *Na_Cl*; *CM*, crustal matter; *TM*, toxic metals) and unidentified matter (UM) in PM~2.5~ at three sampling sites in Poland

UM in PM~2.5~ may include compounds that were not covered by the analyses (many trace elements, carbonaceous, and/or organic anions) or evaporated during storage and transportation of samples (some organic compounds and nitrates, especially in hot and dry periods). It may also contain water. In Europe, the water content of PM~2.5~ at the 50 % relative air humidity may vary from 20 to 30 %, depending on a place (Tsyro [@CR61]). The unknown amount of water in PM~2.5~-related hygroscopic compounds (ammonium nitrate, chlorides, compounds of sodium, Table [4](#Tab4){ref-type="table"}) may account for a considerable part of UM in the periods of high precipitation and air humidity---as in the spring in Gdańsk and Diabla Góra, and in the autumn in Katowice. In turn, the adsorption of SO~2~ onto particles rich in ammonia or adsorption of nitric acid (HNO~3~) onto mineral and salt particles on a filter (Pathak et al. [@CR40]) may have caused an overestimation of the identified part of PM~2.5~ (Katowice---summer, Diabla Góra---winter).Table 4The equivalent ion (Σ~cations~/Σ~anions~,), neutralization ratio (NR), molar ratios (SO~4~ ^2−^/NH~4~ ^+^, SO~4~ ^2−^/Na^+^, Cl^−^/Na^+^, Mg^2+^/Na^+^, K^+^/Na^+^), and estimated concentrations of (NH~4~)~2~SO~4~ and NH~4~NO~3~ in the seasons of the year and the heating and non-heating periods in Katowice, Gdańsk, and Diabla GóraΣ~cations~/Σ~anions~ ^a^NR^b^SO~4~ ^2−^/NH~4~ ^+c^\[(NH~4~)~2~SO~4~\]^d^ \[μg/m^3^\]\[ex-NH~4~ ^+^\]^e^ \[μg/m^3^\]\[NH~4~NO~3~\]^f^ \[μg/m^3^\]SO~4~ ^2−^/Na^+c^Cl^−^/Na^+c^Mg^2+^/Na^+c^K^+^/Na^+c^Katowice Spring^g^2.461.600.373.881.777.800.480.290.040.04 Summer^g^0.790.392.302.64----4.401.080.180.15 Autumn^g^0.910.850.815.810.391.724.582.300.130.39 Winter^g^0.971.070.619.511.657.273.112.060.070.18 Non-heating^h^1.580.910.895.220.180.801.240.360.080.08 Heating^h^0.981.020.627.421.275.572.801.880.060.17Gdańsk Spring1.691.000.461.900.622.710.550.300.050.04 Summer1.060.491.711.61----2.010.290.080.05 Autumn1.720.660.842.580.130.590.500.170.030.05 Winter1.100.980.515.931.586.942.420.940.100.24 Non-heating1.450.750.982.350.020.071.250.210.070.06 Heating1.280.890.544.250.984.320.980.440.050.09Diabla Góra Spring2.201.010.512.110.562.460.470.060.030.05 Summer1.210.412.211.32----1.350.170.050.05 Autumn1.340.571.132.46----0.920.130.040.06 Winter1.190.720.796.690.502.211.280.080.020.06 Non-heating1.870.711.102.31----0.740.090.030.05 Heating1.220.690.804.690.331.471.160.100.030.06^a^The equivalent ion balance, expressed as the ratio of total cation equivalent to total anion equivalent^b^NR = NH~4~ ^+^/(SO~4~ ^2−^ + NO~3~ ^−^) where NH~4~ ^+^, SO~4~ ^2−^, and NO~3~ ^−^ are in normal equivalents per cubic meter^c^Molar ratios^d^\[(NH~4~)~2~SO~4~\] = 1.38\[SO~4~ ^2−^\]~A~ if SO~4~ ^2−^/NH~4~ ^+^ \<1 and \[(NH~4~)~2~SO~4~\] = 3.67 \[NH~4~ ^+^\]~A~ if SO~4~ ^2−^/NH~4~ ^+^ \>1^e^\[ex-NH~4~ ^+^\] = \[NH~4~ ^+^\]-0.27\[(NH~4~)~2~SO~4~\]^f^\[NH~4~NO~3~\] = 4.44\[ex-NH~4~ ^+^\]^g^Spring: March, April, May; summer: June, July, August; autumn: September, October, November, winter: January, February, December^h^Non-heating: April, May, June, July, August, September; heating: January, February, March, October, November, December

In Katowice, the mass contribution of carbon compounds (OM + EC) to PM~2.5~ was between 42 and 49 % in all the seasons except for the autumn. The similar high OM + EC in PM~2.5~ was noted in Zabrze, 15 km west of Katowice, in 2009 (Fig. [3](#Fig3){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). In Gdańsk, the OM + EC contributions to PM~2.5~ were from 12 % (spring) to 42 % (winter), in Diabla Góra---from 19 % (spring) to 44 % (winter, Fig. [3](#Fig3){ref-type="fig"}). The annual mass contributions of OM + EC to PM~2.5~ were 43, 31, and 33 % in Katowice, Gdańsk, and Diabla Góra, respectively (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Annual shares of the main groups of the chemical components in PM~2.5~ and annual concentrations of PM~2.5~-related BaP, As, Ni, Cd, and Pb in three locations in Poland (*EC*, elemental carbon; *OM*, organic matter, *SIA*, secondary inorganic aerosol; *Na_Cl*; *CM*, crustal matter, *TM*, toxic metals; *UM*, unidentified matter)

At the European urban background sites, OM + EC contributes to the PM~2.5~ mass from about 29 % (Barcelona, Spain) to 60 % (Prague, winter). The contributions are significantly smaller at the rural background sites---from 16 % (Villar Arzobispo in Spain) to about 30 % (Bemantes and Montseny in Spain, Melpitz in Germany, Table [1](#Tab1){ref-type="table"}).

In Poland, as elsewhere in Europe, the mass of OM + EC in PM~2.5~ is much lower within near-sea urban areas than at urban background sites distant from a coast. In Gdańsk, a coastal urban area, the contribution is even lower than in rural Diabla Góra. The contributions tend to be lower in spring and higher in winter both in Poland and other European regions. In Katowice, the autumn OM + EC mass contribution to PM~2.5~ was distinctly lower than the other, not differing much from each other, seasonal ones (Fig. [3](#Fig3){ref-type="fig"}).

Nevertheless, at all three sites, the heating period averages of the concentrations of PM~2.5~-related both OC and EC were higher than the non-heating season ones, and among the seasonal ones, the winter averages were highest (Table [3](#Tab3){ref-type="table"}). The heating period average of the ambient concentration of EC was about three times greater than the non-heating period one; the proportions of the heating to the non-heating period averages of OC were from 2.4 in Katowice to 4.3 in Gdańsk. The winter averages of the OC and EC concentrations were higher than the heating period ones by 37--58 %.

EC is mainly emitted as primary soot from combustion; therefore, its higher ambient concentrations in winter or in a whole period of intensified combustion of fossil fuels all over Poland are obvious. However, in Katowice, where domestic combustion and intense road traffic maintain high EC concentrations during the whole year, the ambient spring, summer, and autumn EC concentrations were also very high (summer average of the EC concentration in Katowice was almost four and eight times greater than in Gdańsk and Diabla Góra, respectively; Table [3](#Tab3){ref-type="table"}). EC, released mainly as very fine particles (mass median diameter about 2 μm, Japar et al. [@CR22]), has a very long residence time in the air and may travel long distances. This explains the higher ambient EC concentrations in the heating than in the non-heating period in Diabla Góra where there are no local sources of PM~2.5~-related EC. The fine particles of soot from power stations (high stacks) might have come to Diabla Góra from other regions, even from abroad (Fig. [2](#Fig2){ref-type="fig"}, 7 January).

In a heating period (in winter especially), when the naturally low insolation is additionally suppressed by high ambient concentrations of soot, the greater part of ambient organic matter probably consists of primary compounds from combustion and biological material. In the warmer periods, the OM concentrations at sampling sites may be attributed to the enhanced formation of secondary organic aerosol (Seinfeld and Pandis [@CR56]). However, the indirect confirmation of this fact (e.g., by using the method from Castro et al. [@CR4]) requires the ratio OC/EC determined at each site. With the method used (thermal carbon analyzer without optical correction for separation of charred organic carbon), it is impossible.

The water-soluble ions (especially SO~4~^2−^, NO~3~^−^, NH~4~^+^; in Katowice also Na^+^ and Cl^−^) followed EC and OM in decreasing order of the mass shares in PM~2.5~ at all three sites (Table [3](#Tab3){ref-type="table"}, Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). In urban areas, the mass of sulfates (SO~4~^2−^), nitrates (NO~3~^−^), and ammonium (NH~4~^+^) may reach 85 % of all the water-extractable ions in PM~2.5~ and 15--55 % of the total mass of PM~2.5~ (Table [1](#Tab1){ref-type="table"}).

The annual mass contributions of SIA (SO~4~^2−^, NO~3~^−^, NH~4~^+^) to PM~2.5~ were 22, 25, and 36 % in Katowice, Gdańsk, and Diabla Góra, respectively. All the short and long period averages of the mass SIA contributions to PM~2.5~ were between 19 % (Katowice, winter) and 44 % (Diabla Góra, winter, Fig. [3](#Fig3){ref-type="fig"}).

In Gdańsk and Diabla Góra, the concentrations of SIA and its mass contributions to PM~2.5~ were lower in the non-heating than in the heating period (elevated winter emissions of the precursors all over Europe, higher ambient concentrations of the SIA components at each location in the heating period, especially in the winter). In Katowice, the SIA contribution to PM~2.5~ was high in the summer---almost 33 %. In the heating period, the share of SIA in PM~2.5~ was low, not greater than 20 %. However, while the mass contribution of SIA to PM~2.5~ in Katowice was lower than at the two other sites, the season- and the period-averaged ambient concentrations of the components of SIA (SO~4~^2−^, NO~3~^−^, and NH~4~^+^) were higher (Table [3](#Tab3){ref-type="table"}). It is due to the PM~2.5~ precursors, SO~*x*~ and NO~*x*~, coming from the (whole year) combustion of hard and brown coal for energy production all over Poland, exceptionally intense in southern Poland.

In summer (higher temperatures and lower air humidity), reaction of ammonia with sulfuric acid or ammonium bisulfate is favored over reaction with nitric acid (Seinfeld and Pandis [@CR56]). Proportions of the ionic equivalent concentrations of SO~4~^2−^ and NH~4~^+^ are greater than 1 at each site (SO~4~^2−^/NH~4~^+^ \>1, Table [4](#Tab4){ref-type="table"}); therefore, it is probable that ammonium nitrate (NH~4~NO~3~) did not occur in SIA at any site in the summer. Hence, in the summer, the atmospheric aerosol at all three sites might have been acidic. The PM~2.5~ acidity within the investigated regions is also confirmed by low neutralization ratios (Table [4](#Tab4){ref-type="table"}) at all sites in the summer. Some amounts of ammonium nitrate might have evaporated, especially from the samples taken in the summer, but the artifacts related to the semi-volatility of ammonium nitrate can be of importance only for the samples very rich in ammonium (Pathak et al. [@CR40]). In general, the acidity of PM~2.5~ cannot be excluded at any site not only in the summer but also in the autumn and in the winter. It is a common assumption that if NH~4~^+^/SO~4~^2−^ ≥1.5 (molar ratio) then sulfuric acid is totally neutralized (Seinfeld and Pandis [@CR56]), but some authors report the PM~2.5~ acidity even when NH~4~^+^/SO~4~^2−^ ≥2 (in fact, when SO~4~^2−^/NH~4~^+^ ≤0.5; Pathak et al. [@CR40]; Huang et al. [@CR20]). The low proportions of the concentrations of total cations to total anions (equivalent ion balance, Σ~cations~/Σ~anions~, Table [4](#Tab4){ref-type="table"}) at all sites and seasons, except for the spring, also confirm the acidity of PM~2.5~.

The highest Σ~cations~/Σ~anions~ occurred at all sites in the spring (spring and autumn values were almost equal in Gdańsk), when the average ambient concentrations of NH~4~^+^ were high, and the concentrations of SO~4~^2−^ and NO~3~^−^ were much lower than in the winter and autumn (Table [3](#Tab3){ref-type="table"}). In Katowice, Gdańsk, and Diabla Góra, the contributions to SIA of ammonium sulfate ((NH~4~)~2~SO~4~) were 48, 41, and 46 %, and of ammonium nitrate (NH~4~NO~3~)---44, 35, and 33 %, respectively (Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}). Therefore, in contrast to the summer, the atmospheric aerosol was alkaline in the spring, and the contribution of ammonium nitrate to SIA was high at all three sites (close to that of ammonium sulfate).

In the winter, SIA consisted of (NH~4~)~2~SO~4~ and NH~4~NO~3~ at all three sites because of the efficient neutralization of nitrates and sulfates (concentrations of NH~4~^+^ were from six to eight higher than in the summer). Their average contributions to SIA were in the proportion 2:1 both in Katowice and in Diabla Góra; in Gdańsk, the average contribution of NH~4~NO~3~ to SIA was 75 %.

In the winter, the stable atmospheric conditions, stagnation of air masses, and shallow mixing layer favored the accumulation of pollutants and condensation of semi-volatile species, causing high PM episodes, mainly accounted for by carbonaceous matter and ammonium nitrate (typical of urbanized areas of continental Europe, Table [1](#Tab1){ref-type="table"}). Furthermore, the differences in the ammonium sulfate concentrations between stations are much smaller than in those of ammonium nitrate, indicating that the latter is more influenced by local emissions in cities (probably traffic), whereas background aerosol is enriched with ammonium sulfate.

In the autumn, when ambient sulfates and nitrates were high relative to NH~4~^+^ (Table [3](#Tab3){ref-type="table"}), and the conditions were unfavorable for the creation of ammonium nitrate, the shares of ammonium nitrate in SIA in Katowice and Gdańsk were 20 and 6 %, respectively, and it was not found in SIA in Diabla Góra (Table [4](#Tab4){ref-type="table"}).

The total neutralization of sulfuric acid is signalized by the value of NH~4~^+^/SO~4~^2−^ (or SO~4~^2−^/NH~4~^+^); therefore, the simple stoichiometric computations under the assumption that if NH~4~^+^/SO~4~^2−^ ≥1 then all sulfates react with ammonium ions resulted in the overestimation of the autumn ambient concentrations of (NH~4~)~2~SO~4~ in Gdańsk and Katowice and the winter ones in Diabla Góra.

For all three locations, the conclusions about the SIA formation in the non-heating period resemble those about the autumn. The conclusions drawn for the heating season (Table [4](#Tab4){ref-type="table"}) are the same as for the winter in Katowice and Diabla Góra and for the spring in Gdańsk. It is a strong argument in favor of analyzing whole year data sets divided into four subsets matching the seasons of the year, because, for example, in summer the composition or the pH of SIA can entirely differ from the ones in other seasons.

The annual mass contributions of the Na_Cl group to PM~2.5~ were 8, 13.5, and 9.2 % in Katowice, Diabla Góra, and Gdańsk, respectively (Fig. [4](#Fig4){ref-type="fig"}). At each site, they were smaller than the contributions of SIA, which, in turn, were smaller than the contributions of OM + EC in Gdańsk and Katowice. Among the seasonal averages of the Na_Cl contributions, the spring and summer averages are greatest in Katowice, and the spring and autumn ones in Gdańsk and Diabla Góra (Fig. [3](#Fig3){ref-type="fig"}). In Gdańsk, the high autumn and spring mass contributions of Na_Cl to PM~2.5~ are due to high ambient concentrations of Na^+^ and Cl^−^. It may be the effect of the sea---the spring and autumn winds increase the amounts of dispersed seawater in the air; also SO~4~^2−^/Na^+^ and K^+^/Na^+^ were lowest in Gdańsk in these seasons (Table [4](#Tab4){ref-type="table"}, for seawater they are equal to 0.252 and 0.036, respectively; Seinfeld and Pandis [@CR56]). The remaining molar ratios were entirely different from the ratios for seawater.

The station in Diabla Góra is 140 km from the Baltic Sea. The sea effect on the ambient Na_Cl concentration cannot be excluded (considering the values of SO~4~^2−^/Na^+^ and K^+^/Na^+^, especially in spring, Table [4](#Tab4){ref-type="table"}), but it would be moderated by the western and south-western winds prevailing in this region. The Na_Cl mass contributions to PM~2.5~ in the summer and in the autumn, high in average, are due to the high Na^+^ concentrations. The seasonal variations of the Cl^−^ concentrations were not as high as the variations of the Na^+^ concentrations (Table [3](#Tab3){ref-type="table"}). In Diabla Góra, the ambient concentrations of TC (TC = EC + OC) and K^+^ were high in the spring. Probably, a source of alkaline substances appeared nearby, possibly biomass burning (grass fires).

In spring and early summer, PM~2.5~ from grass fires or biomass combustion in neighboring green areas and allotment gardens might be a source of alkaline substances in Katowice. Indeed, in 2010, the winter Na_Cl concentrations in Zabrze (about 15 km from Katowice) and in Katowice were almost equal (Rogula-Kozłowska et al. [@CR49], Table [3](#Tab3){ref-type="table"}), while in the summer 2010 the one in Katowice was over eight times that in Zabrze. In Katowice (460 km from the Baltic Sea, south-western winds prevailing), where the concentrations of PM~2.5~ and of its components are due rather to local factors (urban conditions, industry, dense population, and road traffic), and where the distance between the measuring point and the nearest road excludes the influence of street salting, Na_Cl in the winter came from combustion (residential heating or industrial activities; Rogula-Kozłowska et al. [@CR50]).

The variations of the seasonal ambient concentrations of Cl^−^ (concentrations higher in the heating than in the non-heating period, highest in the winter, Table [3](#Tab3){ref-type="table"}), good linear correlation between monthly concentrations of Cl^−^ and EC (*R*^2^ = 0.61) confirm the conclusion. Besides the low quality coal, also household garbage and wastes burnt in domestic stoves may account for the high concentrations of PM~2.5~-bound Cl^−^ in the winter in Katowice (Chow [@CR7]; Rogula-Kozłowska et al. [@CR49]).

The contributions of CM to PM~2.5~ behaved similarly at all three sites; all the annual ones were about 8 % (Fig. [4](#Fig4){ref-type="fig"}). They resemble the contributions in other regions (Table [1](#Tab1){ref-type="table"}). At all the sites, CM contributed to PM~2.5~ more in the non-heating than in the heating period (Fig. [3](#Fig3){ref-type="fig"}). Among the seasonal mass contributions, the summer and spring ones were highest in Gdańsk and Katowice; in Diabla Góra---the summer and autumn ones. The contributions were smallest in the winter (not greater than 5.5 %). As it has been mentioned, some part of ambient K^+^ (one of the basic elements in CM) may come from combustion, especially in spring and summer when biomass is burnt. In winter, K, Ca, Mg, Al, and Fe from combustion (also of fossil fuels) may occur in the atmosphere. These elements, and also Ti and Al, are released from transport and some industries all year round (Chow [@CR7]).

The possible anthropogenic effect on the ambient concentrations of K, Ca, Mg, Ti, and Fe can be assessed by computing enrichment factors (EF, Table [5](#Tab5){ref-type="table"}). The enrichment factor EF~*x*~ for the element *x* is defined as:Table 5Enrichment factors (EF) for PM~2.5~-related Mg, K, Ca, Ti, Fe, As, Cd, Ni, and Pb in three locations in Poland in 2010EF~Mg~ ^a^EF~K~ ^a^EF~Ca~ ^a^EF~Ti~EF~Fe~EF~As~EF~Cd~EF~Ni~EF~Pb~Al, ng/m^3^KatowiceWinter121113124,85228832457Spring6515234683,101721,778120Summer324233497,59290678154Autumn244123895,59843913224Heating122113614,92834923322Non-heating438233445,91575991155GdańskWinter1630123101,66751,3681706,42531Spring212128795727516214Summer11412901,86965176142Autumn669133295,394441,12965Heating5871346311,919531,82980Non-heating213121011,71950389146Diabla GóraWinter61582290619,778672,69034Spring446111193,2931849278Summer21411701,1863481128Autumn345\<111881,8462431674Heating476114397,335411,15754Non-heating23411751,98426187103^a^Computed from concentrations of Mg^2+^, K^+^, and Ca^2+^$$\documentclass[12pt]{minimal}
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                \begin{document}$$ {\mathrm{EF}}_x=\frac{{\left({C}_x/{C}_{\mathrm{ref}}\right)}_{\mathrm{PM}}}{{\left({C}_x/{C}_{\mathrm{ref}}\right)}_{\mathrm{crust}}} $$\end{document}$$where *C*~*x*~ and *C*~ref~ are the concentrations of the element *x* and the reference element, and (*C*~*x*~/*C*~ref~)~PM~ and (*C*~*x*~/*C*~ref~)~crust~ are the proportions of these concentrations in PM and in the Earth crust, respectively. Al is the reference element, i.e., EF~Al~ = 1. The Al concentrations for all locations and periods are given in the last column of Table [5](#Tab5){ref-type="table"}. The chemical composition of the upper continental crust was taken from Wedepohl ([@CR65]).

The closer EF of an element to 1, the weaker the anthropogenic effect on the element ambient concentrations.

The analysis of EF shows that in some seasons of the year (in Katowice in spring; in Diabla Góra in spring, autumn, and winter; in Gdańsk in winter) an anthropogenic source of elements belonging to CM probably appeared. This source affected the concentrations of magnesium, potassium, and calcium most. On the other hand, weak variability of EF and CM content of PM~2.5~ among the sampling sites and seasons of the year mean that this possible (other than soil) anthropogenic source of the crustal elements has no significant effect on the ambient concentrations of the elements at the three sites. It would prove the adequacy of the method (commonly applied in such investigations) assumed for assessing the CM contribution to PM~2.5~.

Compared to the other components, the TM contribution to PM~2.5~ was small (0.05--0.4 %) at all the sampling sites and in all the seasons and periods (Fig. [3](#Fig3){ref-type="fig"}). In Gdańsk and Katowice, it was higher in the non-heating than in the heating period, but this was not due to the collective ambient concentrations of the elements from TM (the TM ambient concentrations were two times greater in the heating than in the non-heating period in Katowice and Diabla Góra), but to the lower PM~2.5~ concentrations in the non-heating period.

The average ambient concentrations of As, Cd, and Pb were higher in the heating period at all the sites; they were highest in the winter. The Ni average ambient concentrations were higher in the non-heating period at all the sites; the summer ones were highest (Table [6](#Tab6){ref-type="table"}).Table 6Ambient concentrations of PM~2.5~-related As, Cd, Ni, and Pb in Katowice, Gdańsk, Diabla Góra, and other European citiesLocationSampling periodConcentration, ng/m^3^AsCdNiPbKatowice (Poland), urban background^a^Winter20103.682.923.1283.46Spring1.450.492.0846.83Summer1.391.543.3422.92Autumn2.251.652.2944.87Heating3.002.092.6265.25Non-heating1.381.212.8033.79Winter1.332.091.2643.57Spring0.480.271.4024.26Gdańsk (Poland), urban background^a^Summer0.330.352.225.49Autumn0.550.460.6816.05Heating0.961.261.0232.23Non-heating0.380.331.7612.45Winter0.790.880.5419.95Spring0.240.340.348.46Diabla Góra (Poland), rural background^a^Summer0.230.201.052.27Autumn0.360.180.435.13Heating0.610.520.5313.67Non-heating0.200.270.654.23Zabrze (Poland); urban background^b^Winter 20099.521.140.3649.71Milan (Italy); residential-commercial area^c^Winter 20023--955Menen (Belgium); suburban/industrial^d^Winter 2003----3.454Athens (Greece); suburban^e^October--November 20036.830.701.595.45Cartagena (Spain); suburban^f^January--March 20050.30.23.45.7Barcelona (Spain); urban background^g^2005--20060.60.33.017Göteborg (Sweden) urban background^h^February--March 2005----5.66.2rural site^h^February 2005----2.75.7^a^This study^b^Rogula-Kozłowska et al. ([@CR49])^c^Vecchi et al. ([@CR63])^d^Ravindra et al. ([@CR47])^e^Vasilakos et al. (2007)^f^Negral et al. ([@CR35])^g^Pérez et al. ([@CR41])^h^Boman et al. ([@CR2])

The EF (Table [5](#Tab5){ref-type="table"}) illustrate the anthropogenic effect on the concentrations of PM~2.5~-bound elements.

EF of As, Cd, Pb, and Ni are significantly greater than 1 (EF of Ni is lower than the rest by one order, Table [5](#Tab5){ref-type="table"}) and indicate the anthropogenic origin of these toxic metals in all the periods and at all the sites. The anthropogenic effect on their ambient concentrations is uniform over all the seasons in Katowice and is higher in the heating than in the non-heating period in Gdańsk and Diabla Góra. In Katowice, this (apparent) seasonal independence of the anthropogenic effect was partially due to the seasonal changes in the concentrations of PM~2.5~-bound Al (reference element, Table [5](#Tab5){ref-type="table"}). In Katowice, in a heating period, the ambient concentrations of typical crustal elements (such as Al) may be affected by the emission from coal combustion (municipal sources or power plants; Xu et al. [@CR67]; Yi et al. [@CR68]).

Not surprisingly, the seasonal and periodic concentrations of As, Cd, Ni, and Pb were lower at the rural site in Diabla Góra than in the great cities, Gdańsk and Katowice, but they were comparable with the winter ones at the suburban sites in Spain and Greece, and at the rural site in Sweden (Table [6](#Tab6){ref-type="table"}). The winter concentrations of these metals (especially Pb and Cd) at the two Polish urban sites (and in Zabrze, close to Katowice) were high compared to other European urban sites. Nevertheless, this comparison of probably the highest (because in cold periods) ambient concentrations of As, Cd, Ni, and Pb in several urban and sub-urban European areas with the concentrations in Gdańsk, Katowice and Diabla Góra points out the similarity of the PM~2.5~-bound toxic metal air pollution at the three Polish sites and elsewhere in Europe, although Upper Silesia (Katowice, Zabrze) is the most industrialized region in Poland.

Like those of PM~2.5~, the ambient concentrations of PM~2.5~-related BaP were higher in the heating (very high in the winter) than in the non-heating period in all three locations (Table [7](#Tab7){ref-type="table"}). In Katowice and Gdańsk, they were very high (highest in Katowice, up to almost 36 ng/m^3^ in the winter), but even in rural Diabla Góra the ambient BaP concentrations were higher than in other European cities in the winter (except Zagreb and Prague). At all the three locations, the high annual BaP concentrations (Fig. [4](#Fig4){ref-type="fig"}) derived from the very high concentrations in the winter and high concentrations in the spring and autumn. In Katowice, the annual BaP concentration was several times the BaP annual limit (1 ng/m^3^, EC [@CR10], Fig. [4](#Fig4){ref-type="fig"}). Very high BaP concentrations were also observed in the winter 2006/2007 in Zabrze (Table [7](#Tab7){ref-type="table"}) but they were much lower than in Katowice in 2010.Table 7Ambient concentrations of PM~2.5~-related BaP in Katowice, Gdańsk, Diabla Góra, and other European citiesLocationSampling periodConcentration BaP, ng/m^3^Katowice (Poland), urban background^a^Winter201035.93Spring5.53Summer0.79Autumn11.42Heating24.62Non-heating2.21Gdańsk (Poland), urban background ^a^Winter9.67Spring1.34Summer0.14Autumn1.74Heating6.04Non-heating0.41Diabla Góra (Poland), rural background^a^Winter2.43Spring0.35Summer0.05Autumn0.69Heating1.66Non-heating0.1Zabrze (Poland), urban background^b^Winter 2006/20076.27Duisburg (Germany), urban background^c^September--November 20021.05Prague (Czech), urban background^c^November 2002--January 20033.03Amsterdam (Netherlands), urban background^c^January--March 20030.33Zagreb (Croatia)^d^Winter 20043.18Kozani (Greece); urban area^e^December 2005--October 20060.09Virolahti (Finland), regional background^f^February 20060.69Augsburg, (Germany) urban aerosol^g^February--March 20080.83Kaunas (Lithuania)^h^Winter 20093.2; 6.2^a^This study^b^Klejnowski et al. ([@CR27])^c^Saarnio et al. ([@CR53])^d^Šišović et al. ([@CR58])^e^Evagelopoulos et al. ([@CR16])^f^Makkonen et al. ([@CR31])^g^Pietrogrande et al. ([@CR43])^h^Kliucininkas et al. ([@CR29])

Majority of PAH are anthropogenic (in urban areas especially); they come mainly from fossil fuel and biomass combustion, waste incineration, industry, and traffic (e.g., Khalili et al. [@CR25]). So, in Polish cities, especially in southern Poland where municipal and industrial emissions are significant, the concentrations of PM~2.5~ and PM~2.5~-related BaP are very high (e.g., Katowice). The PM~2.5~ and PM~2.5~-related BaP concentrations in the non-heating period, higher in Katowice than in Gdańsk and Diabla Góra or other European regions, confirm the strong effects of industry (cokery, power production, steel industry) in southern Poland.

The highest ambient BaP concentrations, reaching tens of nanogram per cubic meter, occur in densely populated urban regions of Poland (Katowice, Zabrze, Gdańsk) and in the neighboring countries (the Czech Republic, Lithuania, Croatia) where, as in Poland, the anthropogenic (municipal in winter) emissions prevail. It means a great health hazard from ambient BaP and other PAH to the inhabitants, and the greatest hazard in Europe occurs probably in southern Poland (Table [7](#Tab7){ref-type="table"}).

Summary and conclusions {#Sec9}
=======================

At each of the three sampling points, the PM~2.5~ concentrations were high compared to other similar European sites beyond Poland. The annual average PM~2.5~ concentration in Katowice (southern Poland, urban background) in 2010 was almost two times greater than the target permissible value established for the EU countries. It was also twice the annual PM~2.5~ concentration in Gdańsk, and thrice the one in Diabla Góra (northern Poland, urban and regional background, respectively). The high annual averages were due to very high monthly averages in the heating period, especially in the winter.

At each site, PM~2.5~ consisted mainly of compounds of carbon (organic matter, OM, and elemental carbon, EC), SIA, the Na_Cl group, and CM---in the decreasing order of their mass contributions to PM~2.5~.

Carbonaceous matter (OM + EC) contributed most to PM~2.5~ in the winter---49.2, 42.4, and 43.9 % in Katowice, Gdańsk, and Diabla Góra; the annual average mass contributions were 43, 31, and 33 %, respectively.

The annual average mass contributions of SIA (including SO~4~^2−^, NO~3~^−^, and NH~4~^+^) to PM~2.5~ were 22, 25, and 36 % in Katowice, Gdańsk, and Diabla Góra. Its highest seasonal mass contribution to PM~2.5~ was 44 % (Diabla Góra, winter), the lowest---19 % (Katowice, winter). At each location, SIA comprised both (NH~4~)~2~SO~4~ and NH~4~NO~3~ in the winter; NH~4~NO~3~ was not found in SIA at any site in the summer.

The Na_Cl group was 8, 13.5, and 9.2 % of the PM~2.5~ mass in Katowice, Diabla Góra, and Gdańsk, respectively. Among its seasonal average contributions, the spring and the summer ones were highest in Katowice and the spring and autumn ones in Gdańsk and Diabla Góra.

The contribution of CM to the PM~2.5~ mass did not vary between the three sites; in 2010, its yearly average was 8 % at each site.

OM, EC, SIA, Na_Cl, and CM accounted for almost 81 % of the PM~2.5~ mass in Katowice, 74 % in Gdańsk, and 90 % in Diabla Góra. The annual average TM contribution to the PM~2.5~ mass was not greater than 0.2 % at each site.

The great differences in the PM~2.5~ concentrations between the winter and the summer, or the heating and the non-heating periods, and between the three sites in the concentrations of PM~2.5~-related OM + EC and in the PM~2.5~-related SIA, were due to the combustion of hard and brown coal for the energy production and to the meteorological conditions. The Na_Cl content of PM~2.5~ in Katowice, southern Poland, depended on combustion of fossil fuels, householg garbage, and biomass for heating in the cold part of the year (the dependence was weak in Diabla Góra). In Gdańsk, northern Poland, especially in the spring and autumn, sea spray might have affected the chemical composition of PM~2.5~.

The highest hazard from PM~2.5~ occurs in Katowice, southern Poland, in winter, when very high concentrations of PM~2.5~ and PM~2.5~-related carbonaceous matter, including BaP, are maintained by poor natural ventilation in cities, weather conditions, and the highest level of industrialization in Poland. In less industrialized northern Poland, where the aeration in cities is better, rather gaseous than solid fuels are used, the health hazard from ambient PM~2.5~ is much lower.

In Polish cities, where the air pollution is not uniformly distributed over the long, naturally distinguishable, heating or non-heating periods, an important factor for the reasoning about the PM~2.5~-related air pollutants is the selection of the period in the year. The air pollution in each short period of the year (spring, summer, autumn, winter) has some specific features that are ignored when averaging over the longer periods. Winter in Poland is the most critical period for air pollution and averaging the concentrations of PM~2.5~ and PM~2.5~-bound substances over a whole heating season neglects the more serious effects of winter alone. For example, the ionic balance examinations of PM~2.5~ showed the lack of NH~4~NO~3~ in secondary inorganic aerosol, and the probable acidity of PM~2.5~ in the big cities in the summer of 2010, which were not observed for the whole non-heating period. It seams that any proper approach to atmospheric aerosol in Poland cannot avoid the whole-year continuous observations with the analysis of the results in the respective periods (seasons) of the year. However, in the future, similar investigations of the chemical composition of PM should be based on daily sampling. Daily sampling enables more precise source apportionment with the use of commonly known and well described in the literature methods.

The work was realized within the projects "Analysis of the air pollution by PM~10~ and PM~2.5~; chemical composition of PM and effects of natural sources" and "Chemical mass closure and the origin of fine PM in urban agglomerations differing in the amount and structure of emission of particulate matter and its precursors (No 2012/07/D/ST10/02895)," the former financed by the National Fund for Environmental Protection and Water Management, the latter---by the National Science Centre Poland (NCN). The authors gratefully acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT transport and dispersion model and/or READY website (<http://www.arl.noaa.gov/ready.php>) used in this publication.
